Biofilms are microbial collectives that occupy a diverse array of surfaces. The function and 21 evolution of biofilms are strongly influenced by the spatial arrangement of different strains and 22 species within them, but how spatiotemporal distributions of different genotypes in biofilm 23 populations originate is still underexplored. Here, we study the origins of biofilm genetic structure 24 by combining model development, numerical simulations, and microfluidic experiments using the 25 human pathogen Vibrio cholerae. Using spatial correlation functions to quantify the differences 26 between emergent cell lineage segregation patterns, we find that strong adhesion often, but not 27 always, maximizes the size of clonal cell clusters on flat surfaces. Counterintuitively, our model 28 predicts that, under some conditions, investing in adhesion can reduce rather than increase clonal 29 group size. Our results emphasize that a complex interaction of fluid flow and cell adhesiveness 30 can underlie emergent patterns of biofilm genetic structure. This structure, in turn, has an outsize 31 influence on how biofilm-dwelling populations function and evolve. 32 Author summary 33 Biofilms are bacterial groups, often attached to surfaces, in which a broad variety of cooperative 34 and competitive interactions typically occur. The spatial organization of different strains and 35 species within biofilm communities strongly influences their global functioning, but little is known 36 about how such structure arises. Combining experiments on V. cholerae and simulations of a 37
Introduction
In addition to living as planktonic cells in liquid environments, bacteria often form dense 46 conglomerates attached to surfaces, termed biofilms. Biofilms are one of the most widespread forms of life on Earth, and they are deeply embedded into global scale processes such as 48 biogeochemical cycling [1] . They also play a central role in the interaction between bacteria and cellular automaton, with which we considered different scenarios that included varying flow 91 strengths, densities of founder cells, and variable cell adhesiveness. Our study of surface 92 occupation patterns motivated the use of spatial correlation functions as a quantitative method to 93 characterize the contribution of adhesiveness and flow regime on the origins of clonal clustering 94 spatial structure. The results, although obtained for V. cholerae, will more generally improve our 95 understanding of the patterns with which microbes colonize abiotic and biotic surfaces. These 96 initial patterns of surface occupation are key to the longer-term biofilm architectures that endure 97 to impact bacterial ecology, evolution, and pathogenesis.
99

Results
100
Surface colonization experiments 101 To isolate the influences of adhesiveness, flow, and population density on surface colonization 102 regimes, we used strains of V. cholerae without flagella that either produce extracellular matrix 103 constitutively, or not at all [38] . As V. cholerae does not use gliding or twitching motility to roam Modelling framework 143 To explore the mechanisms underlying the experimental results, and to extend our predictions to 144 a broader set of environmental flow conditions and cell adhesion strengths, we developed a 145 probabilistic cellular automaton capturing the essential features of the experimental system. In our 146 model, we consider two strains with identical non-dimensional cell adhesiveness, σ, and initial 147 density of colonizing cells,  that compete for the occupation of empty space on a discrete two-148 dimensional lattice. The density of founder cells is defined by the fraction of initially occupied 149 lattice squares. In the absence of extensive surface motility, adhesiveness varies inversely with the 150 probability that a cell detaches from the surface. This may occur either because of shoving between 151 cells or because of flow, which detaches cells and relocates them downstream. We will use here a 152 real number in [0,1] to represent adhesiveness, with σ = 1 indicating strong adhesion and σ = 0 153 weak adhesion. The only difference between strains within a given experiment is therefore a binary 154 variable for the cell color, c, which is later used to analyze the arrangement of different cell 155 lineages. 156 The dynamics of the model has two main ingredients: (i) birth and (ii) flow-induced cell devices is laminar, so we assume that flow intensity fixes the maximum distance that cells may be 165 transported downstream. f = 1 represents intense flows under which cells can be transported a 166 maximum distance equal to lattice length, and f = 0 represents no flow and therefore no cell 167 detachment and transport. Cell transport in the direction transverse to the flow is bounded by the 168 distance traveled downstream (see Materials and Methods). Since surface colonization occurs over 169 short time scales and resources are continuously supplied by the inflowing nutrient medium, we 170 do not include cell death in the model. In our experiments cells can in principle detach from one 171 viewing field and re-attach in another viewing field downstream; we implement this possibility in 172 our simulations using periodic boundary conditions. Cells that exit the system through one of the 173 borders due to long-range relocation re-enter through the opposite side, which is equivalent to cell Experimental output and model validation. 184 To characterize the patterns of bacterial surface occupation obtained experimentally (Fig 1) , we 185 measured their clonal correlation lengths, ξ, and studied their dependence on the initial population 186 density. The correlation length is obtained from the spatial autocorrelation function, C(r), which 187 provides a measure of the order in spatially-extended systems by quantifying how its spatial 188 elements co-vary with one another on average, as a function of spatial separation distance r. For a 189 given separation distance r, the autocorrelation is positive if individuals separated by r tend to be 190 of the same type, negative if they tend to be of different types, and zero if there is no consistent 191 relationship between them. The correlation length is, thus, the shortest distance for which two Methods). When two matrix-secreting strains colonize the chamber, the correlation length of the 197 confluence pattern increases as the total initial density of cells decreases (green dots in Fig 2) . 198 However, if the two strains are matrix non-secreting (and therefore only very weakly adhesive), 199 the correlation length does not show strong dependence on the initial density of cells in the 200 chamber (black dots in Fig 2) . Note that the lowest initial coverage densities for the two cases are 201 different; matrix-secretors could be initiated at very low densities for which non-secreting strains 202 did not give viable results. This limitation on initial population density was most likely due to the 203 relative ease with which non-secreting strains are removed by flow. To compare our model and experiments, we used the simulation framework to study the 216 behavior of the clonal correlation length as a function of flow intensity and system size. To keep 217 our analysis as close as possible to the experiments, we initialized each simulation with a density 218 of cells ρ0 and assigned to each cell either the blue or red color with probability 0.5. In this manner, 219 we constructed, on average, a 1:1 (blue:red) mix of cells randomly located within the lattice. Since 220 bacteria in our experiments either produce matrix constitutively or not at all, we assumed that these 221 strains correspond in our model to the σ = 1 (highly-adhesive) and σ = 0 (weakly-adhesive) cases, 222 respectively. In addition, we parametrized the spatial scale of the model to mimic the experimental 223 device. We used a square lattice of lateral length L = 60 sites, which represents each of the (60 μm experiments: clonal correlation length and total initial density are negatively correlated for highly-235 adhesive cells, but nearly uncorrelated for weakly-adhesive cells. However, we found the best 236 quantitative agreement for the mean correlation length between experiments and simulations in 237 the strong flow limit f = 1, for which the simulation results are shown together with the 238 experimental data in Fig 2. The correlation length is also quantitatively, but not qualitatively, 239 affected by the simulated "field of view" (or tile size); spatial segregation increases for larger 240 systems, but the trends of the σ = 0 and σ = 1 curves are independent of system size for f = 1. A 241 more detailed analysis of the effect of system size in our simulations is provided in S1 Text.
242
As a last part of the model validation effort, we obtained the simulation (highly-adhesive, 243 σ = 1) and experimental (matrix-producer) distributions resulting from the correlation lengths 244 obtained with independent replicates, and compared one versus the other for different initial 245 densities (Fig 3) . To compute the distributions, we divided the experimental measures in three 
261
The symbols represent the experimental distribution prior to smoothing estimations. Each color 262 represents a range of colonizing cell densities: green, 10 -1 cells/μm 2 for the model and high 263 density experimental data (cluster of data around 10 -1 cells/μm 2 in Fig 2) ; blue, 10 -2 and 2.15x10 -2 264 cells/μm 2 for the model and intermediate density experimental data (7x10 -3 < ρ0 < 3x10 -2 265 cells/μm 2 ); and red, 10 -3 and 2.15x10 -3 cells/μm 2 in the model and low density experimental data 266 (ρ0 < 5x10 -3 cells/μm 2 ).
268
Model predictions. Interaction between bacterial traits and flow intensity. 269 As discussed above, we consider founder density and adhesiveness as the traits of interest for our especially when flow is weak, or when initial population density is high (Fig 4a) . The difference 295 in correlation length between highly and weakly-adhesive cells becomes more pronounced in 296 larger systems. Weakly-adhesive strains form larger clusters than the highly-adhesive ones for a 297 larger set of flow intensities, and this difference in cluster size can be quantitatively of similar 298 magnitude to the one gained by highly-adhesive strains in the strong flow limit (further details on 299 the effects of the system size are provided in S1 Text). length is also quantitatively influenced by system size, although the curve maintains its concavity 321 as a function of the initial population density (S1 Text). On the other hand, as flow speed increases, 322 the dispersion in the weakly-adhesive strain correlation length transitions from a convex form to a 323 uniformly decreasing function of initial population density (Fig 4c) . This pattern holds for strains are then occupied by descendants of neighboring cells that had managed to remain in place. If the 369 detached cell was originally surrounded by cells of its same lineage, then the empty space is filled 370 by a new cell within the same lineage and the update has no effect; in a mixed region, however, 371 the growth will tend to reduce mixing and thus to increase the clonal correlation length of the 372 system. Therefore, populations of highly-adhesive cells are not universally expected to show 373 stronger spatial genetic structure than populations of less adherent cells; the structure depends on 
Materials and Methods
432
V. cholerae strain engineering. 433 We conducted surface colonization experiments using V. cholerae, a model organism for biofilm 434 formation on a broad range of surfaces. In order to control the several genes that are regulated by 435 the flagellum activity and by quorum sensing, we first deleted flaA, which encodes the flagelling 436 core protein, and hapR, which encodes the quorum sensing master regulator. This results in a 437 double mutant ΔflaAΔhapR that produces EPS and therefore termed EPS + . Second, we produced a protein is the only difference between otherwise genetically identical strains in our mixes, and it 443 will allow us to distinguish different lineages in the surface colonization pattern.
445
Experimental protocol. 446 We performed bacterial surface occupation experiments using microfluidic culture methods.
447
Chambers were 500 μm wide, 100 μm high and 7 mm long, and were constructed from Model details. 461 The two main ingredients of our model are: (1) 475 With this definition, highly-adhesive cells (σ = 1) are never displaced by newborns,
476
whereas weakly-adhesive residents and newborns will have the same probability to be shoved due to one of its empty neighboring sites. In both scenarios, if the complete neighborhood of the 481 resident cell is occupied, the losing cell is removed from the system with the outflow. Note that 482 this formulation truncates a cascade of shoving events that might take place for weakly adhesive 483 cells as a cluster of bacteria expands from its center. In this manner, we are assuming that shoving 484 events can only occur on short spatial scales before one cell must be released into the passing flow 485 to relieve the pressure of increasing local population density. 
where, for simplicity, we assume that f is normalized and therefore can take any value between 0 496 and 1. According to Eq. (2), highly-adhesive cells cannot be detached, whereas weakly-adhesive 497 cells will be dislocated with a probability given only by the strength of the flow. Because it is not 498 possible experimentally to track detached and re-attached individual cells over the full length of 499 the microfluidic growth chambers to inform our model, we hypothesized a mechanism for long-500 range surface re-attachment. We could thus make predictions of the spatial structure of the 501 population at confluence and directly check them against experimental results. In our simulations, 502 once a cell has been detached, a landing position is calculated using the following rules that 503 account for flow directionality. The distance traveled in the direction of the flow, Δx, is determined 504 by a random integer uniformly distributed between 0 and fL, whereas the distance traveled in the 505 transversal direction, Δy, is obtained as a random integer uniformly distributed between −Δx and 506 Δx. If the sorted position was already occupied, then the detached cell is removed from the system, 507 which accounts for bacterial loss with the outflow. With these rules, cells can only relocate to 508 positions downstream of the flow orientation, unless they pass through the system boundaries due 509 to periodic boundary conditions, which recovers the isotropy in the surface-occupation patterns.
510
On the other hand, detached cells can freely drift perpendicular to the flow. A summary of the 511 model parameters and their numerical values is provided in S1 Table. 513 Characterization of surface occupation patterns: the correlation length. 514 We characterize bacterial surface occupation patterns using the spatial autocorrelation function, 515 C(r), which can be mathematically defined as, The spatial autocorrelation function given in Eq.
530
(3) is related to the radial distribution function, often used to describe how density varies as a 531 function of distance from a reference particle in a system of multiple particles. by the size of the focal system.
818
First, we focused on the correlation length, for both highly-adhesive and weakly-adhesive 819 strains, in the intense flow limit (f = 1). As shown in the main text, in this regime the model 820 accurately reproduces experimental results if the same focal area is used in both approaches.
821
Numerical simulations on larger systems confirm that both strains maintain the same qualitative 822 trends across simulated areas, and although the curves are quantitatively affected by the simulated 823 area, they intersect at the same value of the initial population density (Fig A1) . The sublinear 824 scaling of the correlation length with system size, suggests a saturation of the correlation length in 825 the limit in which ξ << L for any initial density and cell adhesiveness ( Fig A2) . Next, we prepared 826 a simulation setup in which we divided a system of lateral length L = 120μm in four tiles of lateral 827 size 60μm, and simultaneously measured the correlation length in the total system and in each of 828 the tiles. To ensure that the initial population density was constant for the whole system and each 829 tile, we initialized every tile with a total population density ρ0 (ρ0/2 of each strain on average).
830
Focusing on the intense flow limit (f = 1), the distance traveled by relocated cells in the direction 831 of the flow is a random number between 0 and L, so for a given focal area, the population mixing 832 depends on whether the system is isolated or embedded in a bigger one. However, the use of 833 periodic boundary conditions, as discussed in the main text, minimizes differences in the 834 correlation length for strong flows (Fig A3) . The residual difference in the correlation length is 835 due to the fact that, in small isolated systems, the periodic boundary conditions can introduce small 836 additional correlations, since detached cells that exit the system through one of the borders and re-837 enter through the opposite may be relocated close to their original position. These events are 838 equivalent to limited dispersal and hence tend to increase clonal cluster size. However, as it is 839 shown in Fig A3, their effect is negligible, reinforcing the validity of our periodic boundary 840 conditions.
841
Next, we extended our analysis to consider a L=240 μm patch with various flow intensities.
842
In this scenario, system size influences the outcome of the simulations in two directions. First, the 843 set of flow strengths for which patterns of weakly-adhesive cells have larger clonal clusters than 844 those made by adhesive strains increases considerably. Second, such regions show a larger 845 difference correlation length for bigger systems (Fig A4a) . This result indicates that avoiding the 846 production of adhesion substances does not entail a residual gain (slightly larger clusters without 847 the metabolic cost of matrix production) but, for a wide range of environmental flows (f < 0.4), 848 such gain can be very significant, as much as that of matrix-production in strong environmental 849 flows (but, again, without the metabolic cost). If, on the other hand, we are observing a small 850 system that, instead of in isolation, is within a bigger one, the flow range for which weakly- Figure 4 ). All this phenomenology indicates that, in a real system, the ratio between the typical 856 distance travelled with the flow and the system size will influence considerably the quantitative 857 (but not the qualitative) behavior of our measure for genetic segregation.
858
Finally, we analyzed the effect of the system size on cluster size variability for σ = 1 strains.
859
The standard deviation of the correlation length maintained its concavity regardless of the system 860 size, but it reached its maximum at different initial population densities ( Fig A5a) . Since highly-861 adhesive cells are not relocated by the flow, the confluence pattern is strongly determined by the 862 spatial distribution of the founder population, and its correlation length variability depends on the 863 variability of the initial lineage mixing. Hence, it is the number of cells and not the density what 864 determines the position of the maximum in the standard deviation ( Fig A5b) . For high cell 865 numbers, it is very unlikely to randomly create a configuration with large clusters, whereas for low 866 cell numbers, the cluster size at confluence is necessarily large. In addition, for a fixed initial 867 density (or number of cells) the standard deviation increases with system size since the variability 868 in the spatial distribution of the founder population increases with system size.
869
In summary, the observation window can quantitatively affect some results of our analyses length L = 60μm within the system (a). In the latter case, each of the 16 observation windows is used as an 897 independent replicate. Therefore, averages in b) are taken over 4000 replicates whereas 64000 898 independent realizations are gathered for the smaller system. 
